In this study, the monitoring of pesticide residues, which show potential for environmental contamination, in center-pivot irrigated areas in the Brazilian cerrado, was performed. The pesticides monitored were acephate, atrazine, azoxystrobin, buprofezin, carbofuran, cyproconazole, chlorpyrifos, difenoconazole, diuron, imidacloprid, malathion, methamidophos, metolachlor, metribuzin, monocrotophos, monuron, thiamethoxam, and triazophos. Surface water samples were collected upstream and downstream of Tijunqueiro dam. The subsurface water in piezometric wells was drilled in the surroundings of the irrigated area; fish and sediment were collected in the dam. The technique of solid phase extraction (SPE) was used for the extraction of water samples, the matrix solid phase dispersion (MSPD) for the sediment samples and QuEChERS (quick, easy, cheap, effective, rugged and safe) for the fish samples. The multiresidue methods used were accurate and precise for most pesticides monitored by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Atrazine was detected in two of the subsurface water samples.
Introduction
Increasing crop production in agriculture has been easier by the use of effective chemical agents, such as insecticides, fungicides, acaricide and herbicides. However, it is critical that they must be used properly to preserve not only the quality of the final product, but also the finite natural resources that sustain production, especially soil and water.
Irrigation application and crop water use can be improved by scheduling the irrigation of crops using physical and agronomic principles. The irrigation management strategy using these principles may be automatically implemented using a control system, which is known as center pivot. Its main advantages are reducing hand labor, ability to obtain higher yields, high uniformity of water distribution and ease of automation. 1 The human and ecological system exposure to contaminants is related to their distribution between the various compartments of the environment (atmosphere, soils, surface, subsurface and groundwater and oceans), to their transport between the compartments, and to their fate in each compartment, which includes their availability for uptake and bioaccumulation by organisms. Human exposure may occur by drinking freshwater and eating fish and other seafoods. 2 Within the water compartment, it is particularly important to consider the sediment phase because of many contaminants and their largely hydrophobic nature; they are known to associate strongly with natural sediments and dissolved organic matter. 2 Many studies have reported the monitoring of pesticides in water, 3 sediment, 4 and fish 5 using different extraction and detection techniques and have highlighted its importance, including those methods using solid phase extraction (SPE), 6 matrix solid-phase dispersion (MSPD) 7 and QuEChERS (quick, easy, cheap, effective, rugged and safe). 8, 9 The monitoring of microbasin in Brazilian cerrado is still unusual, but it is crucial to the current and future water supply. 10 The goals of the present study were the development and validation of methods to determine pesticide residues in surface and subsurface water, sediments and fish muscle, and also to monitor pesticides in center-pivot irrigated areas in the Brazilian cerrado, which show potential for environmental contamination.
Experimental

Study area
The study area, located in the southern region of the state of Goiás in the city of Morrinhos, Brazil, is an important area where there is intensive cultivation of annual crops irrigated through center pivot ( Figure 1 ).
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Sampling
Samples of surface water, subsurface water, sediment and fish were collected in Tijunqueiro microbasin, which has a dam that supplies water to eight pivots around it, making a total of 28 surface water samples, 70 subsurface water samples, 28 sediment samples and 42 fish samples.
Surface water
Samples were collected monthly between February 2009 and January 2010, and quarterly between January 2010 and September 2010 to account for the major variations in the water chemical characteristics, which are linked to the seasonal rainfall pattern.
The water was sampled along a vertical profile in the upstream and downstream of the dam at a depth of approximately 2 m.
Subsurface water
The collection of samples from the subsurface water Figure 1 . Study area, Tijunqueiro microbasin, Morrinhos, state of Goiás, Brazil, adapted by DIGITAL GLOBE (2011) and wells position. Vol. 26, No. 11, 2015 was made in piezometric wells (monitoring wells) drilled around the irrigated area, totaling 6 wells ( Figure 1 ).
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The collection was done on the same dates as the surface water sampling.
The 6 monitoring wells were drilled with a manual auger in a depth from 3 to 4 m, following the ABNT NBR 13.895 norm. 12 The wells were dry at the samplings' time, well 1 and 2 in August, September and October 2009, June and September 2010, and well 4 in September and October 2009, June and September 2010.
Sediment
The sediment was collected using a Petersen dredge. Approximately 300 g of sediment was placed in glass amber bottles that were previously washed with acetone, heated to 280 °C and silanized. The sediment samples were collected quarterly at 2 points, one near the upstream and another near the downstream in the period between March 2009 and September 2010, and on the same dates as the surface water sampling.
Fish
Samples of three species of fish primary consumers are tilapia (Tilapia cf. rendalli) and tetra (Astyanax sp.), and the secondary consumer is traira (Hoplias malabaricus) were collected quarterly in the period between March 2009 and September 2010. Duplicates of fish were selected and packed individually in plastic bags with eugenol, stored in a Styrofoam box with ice, and transported to the laboratory on the same day. At the laboratory, the fish were anesthetized with benzocaine 0.2 mg mL -1 and killed by medullary sectioning; then, the muscle with the peel was chopped and crushed with dry ice using a blender with a glass cup, and stored at −18 °C until the moment of extraction.
Reagents and materials
The analytical standards of pesticides were purchased from ChemService (West Chester, PA, USA), ranging from 97% to 99.5% of purity. Acetonitrile and methanol degree HPLC/Spectro were purchased from the Tedia Company Inc. (Fairfield, OH, USA), and formic acid 88% and glacial acetic acid 99.5% from J. T. Baker (Phillipsburg, NJ, USA).
A Milli-Q Direct-Q 3UV ultrapure water system from Millipore (Bedford, MA, USA) was used throughout the study to obtain the HPLC-grade water.
The QuEChERS kits (DisQuE product), which consisted of 50 mL tubes containing 6 g anhydrous MgSO 4 plus 1.5 g anhydrous NaOAc (tube 1) and 2 mL tubes containing 150 mg anhydrous MgSO 4 plus 50 mg PSA sorbent (tube 2), were purchased from Waters (Milford, MA, USA).
Stock standard solutions of individual compounds (1000 µg mL -1 ) were prepared in acetonitrile and stored at −18 °C in amber bottles for 6 months. A multicompound working standard solution (10 µg mL -1 ) was prepared using appropriate dilution of the stock standard solutions with water:acetonitrile (80: 20) , stored under refrigeration (T < 5 °C) and renewed weekly.
Instrumentation
The liquid chromatography-tandem mass spectrometry (LC-MS/MS) system (Agilent, Wilmington, DE, USA) equipped with a Chromatograph 1200 binary pump, an automatic sampler G1367C and a mass spectrometer 6430 Triple Quadruple was used to determine and quantify the pesticide residues.
Sample processing and analyses
Water
The solid-phase extraction (SPE) cartridge used was Sep-Pak C18 with 500 mg sorbent per cartridges from Waters (Milford, MA, USA); the cartridges were conditioned with 10 mL of methanol, followed by 10 mL of water. An aliquot of 200 mL of solution was passed through the cartridge with a flow rate of 1.5 mL min -1 and then washed with 10 mL of water. After that, the cartridges were dried out for one hour. Subsequently, the pesticides were eluted with 10 mL of methanol. The methanol was evaporated to dryness under a gentle stream of nitrogen using the TurboVap (LV Caliper, LifeSciences). The residue was redissolved in 10 mL of water and acetonitrile (80: 20) , and the redissolved solution was transferred into a vial for analysis by LC-MS/MS.
Sediment
The sample preparation technique employed for sediment samples was the matrix solid-phase dispersion (MSPD). The sediment samples were dried at a low temperature using a lyophilizer Liotop L101 (São Carlos, Brazil), and then passed through a 2 mm sieve. After that, the sediment sample (500 mg) was placed in a glass mortar with 500 mg of sorbent material, octadecyl-C18 silica, purchased from Agilent (Wilmington, DE, USA). The materials were mixed for 1 min in the glass mortar using a glass pestle. After the blending was completed, the sample was packed into an empty column containing a polyethylene frit at the bottom. The second frit was placed on the top of the sample by careful compression with a syringe plunger. The packed column was attached to a vacuum manifold (Visiprep System, Supelco) and coupled with a small vacuum pump. The pesticides were then extracted using 10 mL of methanol and 5 mL of ethyl acetate, and the eluate was collected in a glass graduated conical tube and evaporated to dryness under a gentle stream of nitrogen using the TurboVap. The residue was in 10 mL of water:acetonitrile (80: 20) , and the solution was transferred to a vial for analysis by LC-MS/MS.
Fish
The QuEChERS method 13 was used for the sample preparation of fish samples. Five grams of fish was transferred to a polypropylene tube of 50 mL (tube 1). Afterwards, 15 mL of acetonitrile acidified with 1% (v/v) of acetic acid was added, and the samples were manually shaken vigorously for 1 min. Next, the extract was centrifuged at 6900 g for 5 min in a Hitachi CF16RXII centrifuge (Himac, Tokyo, Japan). After that, an aliquot of 1 mL of the supernatant was transferred to a polypropylene tube of 2 mL (tube 2). The extract was shaken manually for 30 s and centrifuged for 5 min at 6900 g. In the end, 100 µL of the supernatant was transferred to a vial and became filled with 900 µL of mobile phase. Before injection in the LC-MS/MS system, the sample was filtered in a 0.20 µm Teflon filter (Whatman, Florham Park, NJ, USA) into a vial for analysis by LC-MS/MS.
Chemical characterization of water samples
One liter of the surface and subsurface water samples was filtered with cellulose membrane filters of 0.45 µm. After filtration, the samples were analyzed by ion chromatography (IC), using a Dionex ICS-90 system (Sunnyvale, CA, USA). In the analysis, identification and quantification of ions present in the samples were performed with the use of analytical curves previously prepared at concentrations of 1, 5 and 10 mg L -1 . The standards were prepared from stock solutions (100 mg L -1 ) of each chemical species of interest using low conductivity water (HPLC-grade water). The analyzed ions were: chloride, nitrate, phosphate, sulfate, ammonium, magnesium, potassium, sodium and calcium. The alkalinity content was also determined, represented by the HCO 3 − , using the microtiter method Gran. 14 The pH, temperature, and conductivity were measured using Aquaread AP 5000 AgSolv.
Physical characterization of sediment samples
The sediment samples were dried at a low temperature using a lyophilizer Liotop L101, and then passed through a 2 mm sieve. The textural composition (sand, silt and clay) of the samples was determined according to the method described by Raij et al. (1987) . 15 
LC-MS/MS conditions
The separations were carried out using an Agilent Eclipse plus C18 column (100 × 2.0 mm, 3.5 mm particle size). The mobile phases were as follows: A-0.1% formic acid and 5 mmol L -1 ammonium formate in water and B-0.1% formic acid and 5 mmol L -1 ammonium formate in acetonitrile. The gradient program started at 20% B until 4 min, with linear gradient at 80% B until 6 min, and then remained constant for 1.4 min. After that, the linear gradient was at 100% B until 8 min, and then remained constant for 3 min. After running for 11 min, the re-equilibrium time (post time) was 3 min using 20% B. The flow remained constant at 0.6 mL min -1 , and the injection volume was 10 mL.
The ESI parameters in the positive ionization mode were as follows: gas flow 10 L min -1 , nebulizer pressure 40 psi, gas temperature 300 ºC, and capillary voltage of 3500 V. Nitrogen 99.99% was used as a nebulizer and 99.9999% as a collision gas. For data acquisition, the software Agilent Mass Hunter was used. For the detection in the MS/MS, the SRM (selected reaction monitoring) mode was used.
The most intense transition was used as a quantifying ion, and the second most intense transition was used as a qualifying ion for the confirmation of the analysis.
Validation of the analytical procedure
The evaluated accuracy through the recoveries essay of pesticides was identified using the water, sediment and fish samples spiked with the analytes at three concentration levels: 20, 60 and 100 ng mL -1 for water and 20, 60 and 100 ng g -1 for sediment and fish. The samples were analyzed in quintuplicate.
The linearity of the method was assessed using standard solutions in solvent and standard solutions in matrix extract; six concentrations between 10 and 100 ng mL -1 were injected in triplicate. Blanks were also prepared as a quality control tool, but they were not included in the regression analysis (blank values were not higher than 30% of the method quantitation limit, MQL). The results were analyzed using the linear regression method.
The matrix effects (ME) were studied using the evaluation of signal suppression or enhancement for each pesticide. The ME was determined, comparing the slope reasons of standards in the solvent and in the matrix according to the equation 1. 16 matrix curve slope ME(%) = 1 -× 100 solvent curve slope
The precision of the method was calculated using the repeated (n = 5) analysis of the spiked samples and it was Vol. 26, No. 11, 2015 expressed as the relative standard deviation (RSD) of replicate measurements.
The method detection limits (MDL) and method quantitation limits (MQL) were derived from the spiked samples and expressed as a concentration producing an S/N ratio of 3 and 10 respectively.
Results and Discussion
The follows sample preparation methods SPE, MSPD and QuEChERS were used to efficiently for the determination of pesticide residues in water, sediment, and fish, respectively, followed by LC-ESI-MS/MS analysis in SRM mode, which confirmed to be an useful tool for this purpose.
Parameters of mass spectrometry and compound identification
The monitored ions for each compound are in Table 1 . The procedure used for the identification of pesticide residues included retention time and two SRM transitions. Chromatograms of the compounds with the transitions selected for the analysis are presented in Figure 2 .
Validation of the LC-MS/MS method for water, sediment and fish samples
The analytical performance parameters are important for determining the method potential. Therefore, under Monitoring of Pesticide Residues in Surface and Subsurface Waters, Sediments, and Fish the optimal conditions determined previously, the matrix effects, linearity, accuracy, precision, MDL, MQL and repeatability of extraction methods were measured. The results are shown in Table 2 . Linearity with correlation coefficients greater than 0.99 for all pesticides was studied over the concentration range of 0.50-100 ng mL -1 in the 3 matrices.
It is well known that the matrix effects are one of the main drawbacks of LC-MS/MS methods, making quantification in samples problematic in some cases, 17 and the dilution of samples can improve quantitative measurements by lowering the amount of matrix that is present during analysis. 18, 19 In this study, a dilution of 10 times of the extracts was sufficient to eliminate the matrix effect in the fish samples. The matrix components for all matrices involved were not significantly affected in the present study, because the signal change was less than 20% in the whole investigated concentration range.
The MDL and MQL obtained are stated in Table 2 . Recovery rates, method detection limits (MDLs), and method quantitation limits (MQLs) of pesticides in spiked water, sediment, and fish samples analyzed using LC-MS/MS. Results are expressed as mean value ± relative standard deviation (RSD) (n = 5) (cont.) for fish. The results of accuracy and precision, which were evaluated through recovery tests of all the target compounds at different fortification levels, are presented in Table 2 . The accuracy ranged from 70% to 130% for all the target compounds, except acephate, chlorpyrifos, and methamidophos for water and sediment, and metribuzin, monocrotophos and thiamethoxam for sediments. For this reason, these compounds were excluded from the quantifications in these matrices.
The method precision was observed for all the substances, it was assessed at three concentration levels. The relative standard deviation (RSD) of the quintuplicate experiment results is given in Table 2 . The RSD was lower than 9% for all target pesticides.
Pesticide levels in water samples
The chemical characterization of surface and subsurface water samples collected in September 2009 is shown in Table 3 .
Considering the levels of chloride, nitrate and conductivity, there are significant differences between the samples of surface and subsurface water; this difference may be associated with the application of nitrogen and potassium fertilizers in the cultivation of maize, adjacent to monitoring well number 4, the place where the subsurface water sample was collected in September 2009.
Tijunqueiro microbasin presents relatively flat relief and clayey soil with low susceptibility to erosion; thus, there is less risk of contamination of surface waters by runoff water and drag of the soil particles (erosion).
No pesticides were detected in surface water samples during the monitoring period from February 2009 to September 2010. Already in the samples of subsurface water, atrazine residues were observed in two samples, but below the MQL, in a sample collected on March 2009 in the well 1 and another sample collected on September 2010 in the well 5.
The atrazine contamination in subsurface water samples is associated with its application in the maize cultivation in the region. 20 Because of the direct application of atrazine in crops, it is possible the occurrence of soil contamination and consequently, subsurface water sources due to its low vapor pressure, slow hydrolysis and moderate mobility in the soil.
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The atrazine has been listed by the United States Environmental Protection Agency (EPA) as a restricted use pesticide, because of its persistence in water and various adverse health effects on humans. In contrast to the United States, Europe has stricter regulations to atrazine use. In 1991, the European Union (EU) directive on pesticides curtailed the use of products suspected of harming human health, groundwater or the environment. Additionally, the order also established a 12-year review period for products already on the market, and concluded that the herbicide had the potential to contaminate groundwater levels exceeding the allowed 0.1 µg L -1 even during appropriate use. This finding instigated a regulatory ban on atrazine that applies to all EU member states, which went into effect in 2005. 23 
Pesticide levels in sediment samples
The physical characterization of the sediment in Tijunqueiro microbasin is shown in Table 4 , there is no significant difference between samples collected at the headboard and the downstream of the Tijunqueiro dam.
According to the study of land use and soil and water management, the soil of the study area has intensive cultivation of annual crops (beans, sweet corn, seed corn, grain corn, soybean and industrial tomatoes), usually by tillage system. In rainy periods and irrigation season, no runoff of water and sediment was observed in Tijunqueiro dam. Vol. 26, No. 11, 2015 The local hydrology, topography and soil type are favorable to the leach of pesticides to subsurface water, because the site presents superficial groundwater (in the monitoring well number 5, the water level during rainy season was about 50 cm deep), flat terrain, and clayey soil with granular structure and good permeability. In addition, there is the possibility of contamination of waterways through runoff.
In the determination of pesticide residues in sediment samples, the results are below the MDL for all compounds monitored.
Pesticide levels in fish samples
Fish samples of tilapia (Tilapia cf. rendalli), tetra (Astyanax sp.), and traira (Hoplias malabaricus) collected from Tijunqueiro microbasin showed pesticide residues below the MDL for all compounds monitored.
The lipophilicity, expressed by the logarithm of octanol-water partition coefficient (pKow), constitutes a physicochemical property of important role in absorption, distribution, metabolism, and elimination characteristics of pesticides. 24 Although there are pesticides with pKow values > 4 at this work, pesticide residues were not found above the MDL in fish. This fact can be explained by low evidence of runoff water in the studied area, and another important factor is the large volume of water stored in the dam, which implies high dilution and dispersion of potential contaminants in the water of Tijunqueiro microbasin.
The potential for ecological risks of atrazine in fresh and estuarine waters has been extensively reviewed with respect to its potential effects in ecological systems, and these assessments concluded that atrazine did not present significantly acute or chronic ecological risks. 25 Because of the dilution in these environments, exposures are likely to be very small and do not present a direct or indirect risk. 26 It should be noted that the region of study has natural peat formation riparian zones, which present an accumulation of dead organic material that does not fully decompose because of waterlogged conditions, and this material is important for the management of the water quality. 27 Studies have demonstrated the effectiveness of riparian zones in the reduction of nitrates and phosphorous compounds and a number of pesticides in agricultural basins. 28, 29 This fact could explain the contamination of the subsurface water, only because the molecules can be immobilized on peat or be degraded by microorganisms present 30 before contamination of the microbasin.
Conclusions
The LC-MS/MS methods for simultaneous determination of 18 pesticides of different classes in surface and subsurface water, sediments and muscle from three fish species was simple and fast, thus allowing high sample throughput. The methods demonstrated excellent performance parameters that allowed the determination of low levels of selected pesticides in all the samples.
The analyses of surface water, sediments, and fish from Tijunqueiro microbasin, located in the city of Morrinhos, state of Goiás, in the Brazilian cerrado, showed no pesticide contamination in the study area, because all pesticides were below the MQL method. On the other hand, atrazine residues in subsurface water samples were detected above the MDL. The atrazine contamination in subsurface water samples is associated with its application in the crops.
